Sequences encoding the 27K and 25K nefgene products (Nef 27 and Nef 25) were amplified by PCR from a human immunodeficiency virus type 1 infectious clone and subcloned directly into Escherichia coli, yeast and baculovirus expression vectors. The yeast-and baculovirus-derived Nef had native N termini but the expression levels were low. The expression levels of the E. col#derived glutathione S-transferase-Nef fusion proteins were very high and a major portion was soluble. Large-scale production orE. coli-derived Nef27 and Nef 25 was carried out by growing recombinant cells in a fermenter under fed-batch conditions followed by affinity purification on glutathione-Sepharose before and after thrombin cleavage. Large quantities of highly purified recombinant Nef proteins have been produced for functional and structural studies. Under nonreducing conditions both Nef 27 and Nef 25 existed as a mixture of monomers, dimers and small amounts of higher oligomers, but when reduced were monomeric. The highly purified Nef proteins had no G protein activities, however Nef27 was biologically active. When electroporated into uninfected CD4 + T lymphocytes both E. coli-derived Nef 27 and yeast-derived myristylated Nef 27 down-regulated the surface expression of CD4, demonstrating that this method can be used to assess the biological activity of purified recombinant Nef.
Sequences encoding the 27K and 25K nefgene products (Nef 27 and Nef 25) were amplified by PCR from a human immunodeficiency virus type 1 infectious clone and subcloned directly into Escherichia coli, yeast and baculovirus expression vectors. The yeast-and baculovirus-derived Nef had native N termini but the expression levels were low. The expression levels of the E. col#derived glutathione S-transferase-Nef fusion proteins were very high and a major portion was soluble. Large-scale production orE. coli-derived Nef27 and Nef 25 was carried out by growing recombinant cells in a fermenter under fed-batch conditions followed by affinity purification on glutathione-Sepharose before and after thrombin cleavage. Large quantities of highly purified recombinant Nef proteins have been produced for functional and structural studies. Under nonreducing conditions both Nef 27 and Nef 25 existed as a mixture of monomers, dimers and small amounts of higher oligomers, but when reduced were monomeric. The highly purified Nef proteins had no G protein activities, however Nef27 was biologically active. When electroporated into uninfected CD4 + T lymphocytes both E. coli-derived Nef 27 and yeast-derived myristylated Nef 27 down-regulated the surface expression of CD4, demonstrating that this method can be used to assess the biological activity of purified recombinant Nef.
The conservation of the nefgene throughout the primate lentiviruses and the fact that infection with only these lentiviruses can be correlated to immunodeficiency clearly suggests that nefis critical for the development of AIDS. Kestler et al. (1991) have shown that although deletion of simian immunodeficiency virus nef gene sequences has no detectable effect on virus replication in cultured cells, the intact nef gene is indispensable for both the establishment of persistent infection and the development of immunodeficiency in rhesus monkeys. Furthermore, the animals infected with the nef genedeleted virus proved resistant to challenge with wild-type virus (Daniel et al., 1992) . These results strongly suggest that nef is a critical gene for the development of AIDS and should, therefore, be targeted for drug design. The rational design of drugs aimed at affecting the Nef protein requires a knowledge of this protein's threedimensional structure and an understanding of its function(s) and mechanism(s) of action. For these analyses large quantities of Nef in a soluble and highly purified form which is biologically active are required.
Sequences of human immunodeficiency virus type 1 (HIV-1) encoding the 27K and 25K forms of the nefgene product were amplified from a BalI-SacI fragment of the molecular clone pNL4.3 (Adachi et al., 1986 ) by using standard PCR protocols (Erlich, 1989 ) and the following oligonucleotides: Nef 27 initiation sequence primer 5' GCTCCGGATCCATGGGTGGCAAGTGGTC 3'; Nef 25 initiation sequence primer 5'GCTCC-GGATCCATGAGACGAGCTGAGCC3'; and Nef termination sequence primer 5' CGCCCGGGATCGA-TGTCAGCAGTTCTTG 3'. In both the initiation sequence primers a BamHI site (underlined) is present immediately upstream of the initiation codon (double underlined). The initiation codon in nef 25 corresponds to the methionine at position 20 of Nef 27. The termination sequence primer, common to both nef 27 and nef 25, includes a SmaI site (overlined) and the complement of the nef stop codon (double underlined).
The PCR products were digested with BamHI and EcoRI (Boehringer Mannheim) and inserted into the BamHI-EcoRI sites of the Escherichia coli vector pGEX-2T (Smith & Johnson, 1988) , the yeast vector pYEULCBX (Macreadie et al., 1992) were selected by colony hybridization. Recombinant plasmids were subjected to dideoxynucleotide sequencing between the restriction sites used for insertion to confirm the reading frames where Nef fusion protein coding regions were expected, and also through the entire nef gene to ensure that no base changes had occurred during PCR amplification. The recombinant yeast plasmids pYEULCBX-nef27/25 were electrotransformed (Becker & Guarente, 1991) into Saccharomvces cerevisiae strain DY150 and the transformed yeast cells were further processed as described by Macreadie et aI. (1992) . The recombinant baculovirus transfer vector pVL1393-nef 27 (20 lag) was cotransfected with 1 lag of baculovirus genomic DNA into Sf9 cells by the calcium phosphate precipitation method and then further processed as described by Summers & Smith (1987) . In order to assess expression levels, lysates from approximately the same number of E. coli, yeast and baculovirus-infected insect cells were analysed by SDS-PAGE and Western blotting (Fig. 1) . The E. coli lysate was treated with thrombin prior to electrophoresis. Western blots were probed with either anti-Nef monoclonal antibody (MAb) (American Bio-Technologies) ( Fig. 1 , lanes 1 to 5) or pooled HIV-l-positive sera (lanes 6 to 10) obtained from patients at Fairfield Hospital. E. col#derived Nef 27 and Nef 25 reacted strongly with both the anti-Nef MAb (Fig. 1 , lanes 1 and 2) and with pooled HIV-1-positive sera (Fig. 1 , lanes 6 and 7). Yeastderived Nef 27 and Nef 25 also reacted with anti-Nef MAb (Fig. 1 , lanes 3 and 4) and with HIV-l-positive sera ( Fig. 1 , lanes 8 and 9). Baculovirus-derived Nef 27 reacted weakly with anti-Nef MAb (Fig. 1 , lane 5) and not at all with the HIV-l-positive sera (Fig. 1 , lane 10) even though the Western blots were deliberately overdeveloped. The glutathione S-transferase (GST)-Nef fusion proteins present in E. coli lysates appeared as prominent bands on Coomassie blue-stained gels, however the yeast and insect cell lysates did not show any prominent Nef bands that stained stronger than the background intracellular proteins (results not shown). We decided to concentrate on the E. col#derived Nef molecules for large-scale purification. Small amounts of yeast-derived Nef 27 were obtained by affinity purification using a polyclonal antibody raised against the N terminus of Nef 27.
Large-scale production of E. col#derived Nef 27 and Nef 25 was carried out by fed-batch fermentation. Recombinant E. coli cells recovered by centrifugation from a 300 ml sample cultured overnight in Luria broth and ampicillin were suspended in 50 ml PBS and used to inoculate 3 1 of sterile batch medium (containing 30 g bacto-tryptone, 15 g yeast extract, 15 g glycerol, 9 g KH2PO 4, 21 g Na~,HPQ, 1.5 g NaC1, 1.5 g MgSO~, 15 mg thiamine and 300 mg ampicillin) in a Braun Biostat E fermenter with a 5 1 vessel. The fermentation was automatically maintained at 37 °C and pH 7 with the dissolved oxygen at around 50 % air saturation.
Two variable-speed peristaltic pumps (Pharmacia 3P) were used to supply a complex medium (20 % w/v bactotryptone, 10 % w/v yeast extract and 0'5 % w/v of NaC1) and carbon energy source (70% v/v glycerol) when required. The complex feed rate was increased when dissolved oxygen levels rose as a consequence of imminent starvation and the glycerol feed rate was increased when the pH started to rise as a result of excess nitrogen. The feed profiles were roughly exponential so as to avoid accumulation of inhibitory levels of substrates or intermediary metabolites. Feeding was initiated at an OD~o 0 of 4 to 5 and an additional 100 mg/1 ampicillin and 5 rag/1 of thiamine were added. A second addition of ampicillin and thiamine was made at an OD of about 25. The culture was induced with 0.8 mM-IPTG at an OD of 45 to 50 and the culture was fed for a further 2 h. The culture was then cooled rapidly and the cells were harvested by centrifugation and resuspended in a small volume of MTPBS buffer (150mM-NaC1, 16mM-Na2HPO ~, 4 mM-NaH2PO4, pH 7-3). The final yield was 18 g/1 of cells, or about 70 g dry matter weight.
Cells were thawed slowly on ice in the presence of a protease inhibitor cocktail (3 mM-PMSF, 5 mM-EDTA, 2 gg/ml pepstatin, leupeptin and aprotinin) and then harvested by centrifugation. The cells were resuspended in MTPBS buffer containing the protease inhibitor cocktail and Iysozyme (40 lag/ml), 5 mM-MgC12, DNase (1 lag/ml) and RNase (1 lag/ml) and left on ice for 1 h. Fresh PMSF was added prior to sonication and centrifugation at 4000 r.p.m, for 10 min. The 4000 r.p.m. supernatant was recentrifuged at 12000r.p.m. for 10 min. The soluble GST-Nef 27 or GST-Nef 25 in the supernatant was purified essentially as described by Smith & Johnson (1988) .
The SDS-PAGE analysis of Nef 27 during different stages of large-scale purification is shown in Fig. 2 (Fig. 2, lanes 2 and 3) shows that 70 % of the undegraded fusion protein is soluble. The soluble form of the GST-Nef fusion protein was affinity-purified on glutathione--Sepharose (Fig. 2 , lane 4), cleaved with thrombin (Fig. 2, lane 5) , and rechromatographed on the same column to obtain cleaved Nef in the flowthrough fraction (Fig. 2, lane 6) . The profiles were identical for Nef 27 and Nef 25, except that a band with an electrophoretic mobility slightly slower than GST persisted in the Nef 27 sample when the cleaved GST was readsorbed to the glutathioneSepharose (Fig. 2, lane 6) . Amino-terminal sequencing of this protein, which is shorter than Nef 27 but larger than Nef 25, showed that the first 11 amino-terminal residues of Nef 27 had been removed. When a mixture of full-length Nef 27 and the truncated form of Nef was passed through a Reactive-Red 120 dye ligand column there was preferential adsorption of Nef 27 to the dye, leaving most of the truncated form in the unbound fraction (Fig. 2, lane 7) . The fullqength Nef 27 was eluted with 0"5 M-NaC1 (Fig. 2, lane 8 (b) Coomassie blue-stained gel following SDS-PAGE of Nef 25 subjected to gel filtration. Lanes 1 and 13, M r markers; lanes 2 and 3, before gel filtration; lanes 4 and 5, fraction 1 of gel filtration peak 1; lanes 6 and 7, fraction 2 of gel filtration peak 1; lanes 8 and 9, gel filtration peak 3A: lanes 10 and 11. gel filtration peak 3B; lane 12, GST. Samples in lanes 3, 5, 7, 9 and II contained 10 mM-DTT, and no reducing agents were present in other samples.
which could be removed by gel filtration in the presence of a reducing agent. Amino-terminal sequencing of the purified proteins confirmed their identity and homogeneity. Both Nef 27 and Nef 25 form homo-and heterodimers and higher oligomers under non-reducing conditions as shown for Nef 25 in Fig. 3(a) . Nef 25, obtained after thrombin cleavage of GST-Nef 25 fusion protein and rechromatography on glutathione-Sepharose, eluted as two peaks when subjected to gel filtration on a Superdex 75 (Pharmacia) column (broken line, Fig. 3a) . When subjected to non-reducing SDS-PAGE, two prominent polypeptides of 25K and 45K could be seen on a Coomassie blue-stained gel (Fig. 3 b, lane 2) . When Nef 25 was preincubated with 10 mM-DTT, the first peak in the gel filtration profile (Fig. 3 a) and the 45K band on the gel disappeared (Fig. 3 b, lane 3) . Fraction 1 of the first peak (Fig. 3 b) contained oligomeric forms of Nef 25 which were converted to monomeric Nef 25 under Short communication reducing conditions (Fig. 3 b, lanes 4 and 5) . Fraction 2 of the first peak (Fig. 3 a) showed the presence of a dimer on non-reducing SDS-PAGE, which on reduction gave rise to monomers (Fig. 3b, lanes 6 and 7) . However, a GST band was also present and the dimer reacted with both anti-Nef and anti-GST MAbs. The gel filtration peaks 3A and 3B (Fig. 3 a) , on the other hand, contained homogeneous monomeric Nef 25 under reducing conditions (Fig. 3b, lanes 9 and 11) . On reoxidation, the highly purified Nef 25 formed a mixture of monomers and dimers (Fig. 3b, lanes 8 and 10) . Although in this case contamination with GST was largely a consequence of incomplete removal of GST by affinity chromatography, a final gel filtration step in the presence of a reducing agent is an effective way of obtaining highly purified Nef since other proteins, such as GST, can copurify with Nef owing to the formation of intermolecular disulphide bonds through the three half-cysteines in the Nef molecule.
The availability of large amounts of highly purified and soluble Nef allowed us to assess its alleged G protein activities (Guy et al., 1987 (Guy et al., , 1990 . Both Nef 27 and Nef 25 bound GTP to a significant extent in comparison with other proteins such as BSA, lysozyme and chymotrypsin but this binding was negligible in comparison with p21 r~s (results not shown). Nef 27 and Nef 25 had no detectable GTPase activity and no autophosphorylation activity was associated with highly purified Nef preparations under conditions where we observed p21 ras autophosphorylation (results not shown). Our results with highly purified Nef confirm results that have attributed GTP-binding and GTPase activities to bacterial contaminants (Kaminchik et al., 1991 ; Nebreda et al., 1991 ; Backer et al., 1991) . No detectable nucleotide-binding activity was found in nef gene products derived in vivo (Harris et al., 1992) or in baculovirus-derived Nef (Matsuura et al., 1991) .
It has been shown previously that intracellular expression of the nefgene results in the down-regulation of CD4 surface expression in CD4 + T lymphocytes (Guy et al., 1987; Garcia & Miller, 1990; Benson et al., 1993; Anderson et al., 1993 ; Mariani & Skowronski, 1993) . We wanted to see whether this effect could also be obtained by electroporation of purified recombinant Nef into CD4 + cells. Human CD4 + CEM cells were grown in RPMI cell culture medium (Cytosystems) containing 10 % fetal calf serum (FCS) at 37 °C and harvested by centrifugation. The cells were washed and resuspended in 1'5 mM-phosphate buffer at pH 7"2 containing 250 mmsucrose. Five tll Nef (2.5 gg) or cell lysate was introduced into 40 gl cells using a BAEKON 2000 Macromolecule Transfer System (BAEKON Corp.) which applies an electric field for electroporation. This method has been referred to as 'BAEKONization'. The parameters used for protein transfer were: voltage 5 to 6 kV: burst time 0.8 s; pulse time, 160 tas; pulse number 211, and cycles 5 to 7.
After BAEKONization the cells were incubated in RPMI containing 10% FCS at 37 °C and immunostained using murine anti-CD4 MAb (Leu 3A and 3B; Becton-Dickinson) and fluorescein-labelled sheep antimouse IgG (Silenus). The stained cells were microscopically examined for fluorescence, and under phasecontrast. Counts were made of total cells, dead cells (showing an even staining throughout), CD4 + cells (clusters of surface staining) and CD4 cells (no surface staining). The CD4 + to total live cell ratio was determined field by field.
The CD4 + cells as a percentage of total live cells after BAEKONization are shown in Fig. 4 . There is a significant decrease in the proportion of CD4 ÷ cells in CEM cells that had been BAEKONized with intact Nef 27 from both E. coli and yeast. This effect persists for at least 72 h after BAEKONization. This is in contrast to the negative control, CEM cells that had been BAEKONized in the presence of cell lysates. Yeastderived Nef 27 is myristylated (Macreadie et aI., 1993) whereas the E. col#derived Nef 27 described in this report is not myristylated and has three additional amino acids preceding the myristylation site. Myristylation may not be required for down-regulation of CD4 surface expression by recombinant Nef introduced into cells by electroporation, because of possible membrane per-turbation which may obviate the need for Nef to be transported from the cytoplasm to the membrane.
These results show that E. coli-derived Nef 27 produced on a large scale is biologically active and that the method described here is very useful for assessing the biological activity of recombinant Nef.
